Glucocorticoids (e.g., corticosterone; Dexamethasone, DEX), when administered systemically greatly increase water drinking elicited by angiotensin and sodium ingestion in response to mineralocorticoids (e.g., aldosterone; DOCA), possibly by acting in the brain. In addition, glucocorticoids exert powerful renal actions that could influence water and sodium ingestion by promoting their excretion. To test this, we determined water and sodium intakes, excretions, and balances during injections of DEX, DOCA and their co-administration (DOCA+DEX) at doses commonly employed to stimulate ingestion of water and sodium. In animals having only water to drink, DEX treatment greatly increased water and sodium excretion without affecting water intake, thereby producing negative water and sodium balances. Similar results were observed when DEX was administered together with DOCA. In animals having water and saline solution (0.3 M NaCl) to drink, DEX treatment increased water and sodium excretion, had minimal effects on water and sodium intakes, and was associated with negative water and sodium balances. DOCA treatment progressively increased sodium ingestion, and both water and sodium intakes exceeded their urinary excretion, resulting in positive water and sodium balances. The combination of DOCA+DEX stimulated rapid, large increases in sodium ingestion and positive sodium balances. However, water excretion outpaced total fluid intake resulting in large, negative water balances. Plasma volume increased during DOCA treatment and did not change during treatment with DEX or DOCA+DEX. We conclude that increased urinary excretion, especially of water, during glucocorticoid treatment may explain the increased ingestion of water and sodium that occurs during coadministration with mineralocorticoids.
INTRODUCTION
Systemically-administered mineralocorticoids, such as aldosterone (Aldo) and deoxycorticosterone acetate (DOCA), stimulate vigorous sodium ingestion by activating mineralocorticoid receptors in the brain. Glucocorticoids, such as corticosterone, greatly increase this salt appetite response when co-administered with mineralocorticoids (2, 17, 33, 35) . Systemically-administered glucocorticoids also increase water drinking in response to peripheral and central administration of angiotensin II (ANG II; 9, 27). The potentiation of salt appetite and thirst by glucocorticoids has been postulated to arise from glucocorticoid actions within the brain affecting either mineralocorticoid (17, 35) or ANG II (3, 6, 8, 22) receptors. For example, high levels of glucocorticoids are proposed to increase Type I mineralocorticoid receptors and thus, mineralocorticoid binding in the brain (17, 35) . Additionally, glucocorticoids may increase the number of ANG II receptors in the brain (22) and thereby augment the central actions of ANG II (which, in turn, may interact with mineralocorticoid receptors).
Glucocorticoids also have systemic effects that could facilitate ingestion of water and sodium. For example, they increase glomerular filtration rate (GFR) in animals and humans at physiological and pharmacological levels (1) . Glucocorticoids increase urine Glucocorticoids and salt appetite, p. 6
Baseline measures for each group were obtained for 5-6 days followed by treatment measures for several days. Treatment consisted of daily sc injections of DEX (n = 5), DOCA (n = 6), or their combination (DOCA+DEX, n = 5). The dose of each steroid was 2 mg/0.25 ml/rat. The treatment conditions were run serially using separate groups of animals. Rats receiving DOCA also received additional testing with the combination of DOCA+DEX for 4 days. Daily measurements were obtained between 0800 and 0900 h. Each morning, the water and saline intakes were read, the urine beaker and food cup were collected, and the rat was weighed. Distilled water was used to rinse the floor of the cage and funnel to collect residual salt. This wash volume was collected into a separate pre-weighed beaker. Then, a clean funnel was placed underneath the cage with a new beaker. The food cup was weighed, "topped off" with fresh ground diet and reweighed before being placed back in the cage. Food spillage was collected and considered in the daily measures. The rat was returned to the cage and water and saline cylinders were reattached.
Urine and wash volumes were determined by weight. Samples were refrigerated for later analysis. The urine and wash were analyzed for sodium and potassium content.
Sodium and potassium excretions included the amounts of sodium and potassium lost in the urine plus the wash. Water balance was calculated as total fluid intake (i.e., water + saline) minus urine volume. Sodium balance was calculated as 0.3 M NaCl intake minus urinary excretion.
Experiment 4: Daily water and sodium intakes and plasma volumes after DEX
and DOCA injections. The fourth experiment examined daily water and sodium intakes and hematocrits during daily sc injections of DEX (n = 5), DOCA (n = 6) or their combination (n = 4) at the doses used in Exp. 3. Testing occurred in the home cage. Rats were given pelleted sodium deficient diet (MP Biomedicals, LLC, Aurora, OH), and distilled water and 0.3 M NaCl from 100 ml graduated cylinders as above. After a few days, they were implanted with jugular venous catheters under Equithesin anesthetic (0.33 ml/100 g body weight). The catheters were made of silicone tubing (.047" OD; Helix Medical, Inc., Carpinteria, CA) and were tunneled under the skin to emerge at the back of the neck. The catheters were filled with 200 unit/ml heparin solution and plugged with 18 ga obturators when not in use. After a day of recovery from surgery, rats underwent daily blood sampling. The rat was held by hand while approximately 0.25 ml of blood was withdrawn from the catheter by syringe. The blood was immediately transferred to microhematocrit tubes for centrifugation and measurement of hematocrit in triplicate. Baseline measures were obtained for 3-4 days followed by treatment measures for 3-4 days. Water and 0.3 M NaCl intakes and body weights were measured daily.
Statistical analysis. Data were analyzed by repeated measures analysis of variance (ANOVA). Planned comparisons were made with Fisher's least significant difference tests when the global F ratio was significant. Values are significant at p < 0.05.
RESULTS

Experiment 1: Water intake and urinary water and electrolyte excretions and
balances after DEX injections. The analysis used time (2 points) as the within-subjects repeated measure and drug (Veh or DEX) as the between-subjects measure. Intakes and excretions were analyzed as rates (i.e., ml or Nmol/ h). Cumulative values are presented in Fig 1. Rats receiving DEX weighed significantly more at the start, but significantly less by morning compared to rats receiving Veh (interaction, F 1, 10 = 116.46, p < 0.001) because they lost more weight (44 ± 1 vs 26 ± 1 g, respectively; t 10 = 10.79, p < 0.01).
Glucocorticoids and salt appetite, p. 8 By 6 h, Dex caused 5-fold increases in urine volume (interaction, F 1, 10 = 57.29, p < 0.001) and sodium excretion (interaction, F 1, 10 = 38.78, p < 0.001), and a tripling of potassium excretion (interaction, F 1, 10 = 142.34, p < 0.001), compared to Veh. Dex also greatly reduced water balance by this time (interaction, F 1, 10 = 82.17, p < 0.001). In the overnight hours (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) , Dex significantly increased sodium excretion but reduced potassium excretion compared to Veh. Cumulative urine volume, sodium excretion, and potassium excretion were greater after Dex, while cumulative water balance was reduced after Dex. A main effect of time indicated that the rats drank more in the overnight period compared to the first 6 h of testing (F 1,10 = 24.27, p < 0.001), but there were no effects involving drug. Thus, the greater weight loss after DEX is attributable to greater water loss as DEX increased urine volume without increasing water intake. Urinary sodium concentration did not differ between groups but was higher in 0-6 h (mean ± SEM Veh, 93 ± 17; DEX, 81 ± 4 mmol/L) compared to 7-24 h (Veh, 27 ± 5; DEX 47 ± 3 mmol/L; time main effect, F 1, 10 = 43.40, p < 0.001). Main effects of drug (F 1, 10 = 10.87, p < 0.01) and time (F 1, 10 = 28.13, p < 0.001) showed that urinary potassium concentration was higher after Veh than Dex and was higher in the first 6 h (Veh, 130 ± 21 vs Dex, 73 ± 4 mmol/L) than overnight (Veh, 57 ± 9 vs Dex, 31 ± 2 mmol/L).
Experiment 2: Water intake and urinary water and electrolyte excretions and
balances after DEX and DOCA injections. The data were analyzed as above, using time as the within-subjects repeated measure and drug (DEX, DOCA, or Both) as the betweensubjects measure. Cumulative values are presented in Fig 2. Initial body weight differed across groups by a small amount (~ 6 g). By morning, all groups lost weight, and both groups receiving DEX (i.e., DEX and DOCA+DEX) lost significantly more weight (~41 g for both groups) than the group receiving DOCA by itself (~19 g; interaction, F 2, 11 = Glucocorticoids and salt appetite, p. 9 28.20, p < 0.001). This greater weight loss for both groups receiving DEX is accounted for by significantly greater urine volumes (main effect, F 2, 9 = 6.87, p < 0.05) and significantly reduced water balances (interaction, F 2, 9 = 8.96, p < 0.01) compared to the group receiving DOCA by itself. DEX caused significantly greater reductions in water balance by 6 h compared to the other groups (p < 0.01). DOCA caused water retention as shown by positive water balance. Both groups receiving DEX had significant, 13-fold increases in sodium excretion (main effect, F 2, 9 = 23.14, p < 0.001) compared to rats receiving only DOCA. In addition, DEX caused more sodium excretion at 6 h and cumulatively when administered alone than when combined with DOCA. DOCA treatment nearly eliminated sodium excretion. Both DEX-treated groups had significantly greater potassium excretion (interaction, F 2, 9 = 20.84, p < 0.001) in the first 6 h, and cumulatively, compared to rats receiving only DOCA. DOCA-treated animals excreted nine times more potassium than sodium while both DEX-treated groups excreted the solutes in roughly similar amounts. The rats increased water intake overnight compared to the first 6 h (time main effect, F 1, 9 = 24.01, p < 0.001) but there were no drug effects. Rats receiving only DEX had significantly higher urinary sodium concentrations over 0-6 h compared to both other groups, and both groups receiving DEX had significantly higher urinary sodium concentrations overnight compared to the DOCA group (interaction, F 2, 9 = 8.76, p < 0.01). Overall (i.e., 0-24 h) urinary sodium concentrations in mean ± SEM were: DEX, 63 ± 3; DOCA, 10 ± 3; and DOCA+DEX, 48 ± 5 mmol/L. DOCA-treated rats had significantly higher urinary potassium concentrations overnight compared to the other groups (interaction, F 2, 9 = 8.64, p < 0.01). Overall urinary potassium concentrations in mean ± SEM were: DEX, 54 ± 5; DOCA, 97 ± 28; and DOCA+DEX, 55 ± 7 mmol/L.
Experiment 3: Water and sodium intakes, excretions and balances after repeated
daily injections of DEX and DOCA. In this experiment, animals had continuous access to water, 0.3 M NaCl and sodium deficient diet for several days. The analysis used baseline/treatment condition and days as within-subjects repeated measures and drug (DOCA, DEX, DOCA+DEX) as the between-subjects measure. Rats receiving DEX, either alone or in combination with DOCA, lost considerable weight during testing and the treatments were stopped after 4 and 5 days, respectively. For statistical purposes, the analysis used data from the last 4 days of baseline and first 4 days of treatment.
Measurements over all days of testing are presented in Figs 3, 4 and 5. Baseline measurements for all variables were equivalent between the groups unless otherwise indicated. For example, rats receiving DEX by itself were heavier at the start, however, the DOCA and DOCA+DEX groups-which comprise the most important contrast for the present purposes-had equivalent starting weights. The starting weights in mean ± SEM were: DEX, 402 ± 13; DOCA, 350 ± 11; and DOCA+DEX, 358 ± 14 g. During baseline, all groups gained weight daily (~1.4 g/day, for all groups). During the treatment phase, animals receiving DOCA continued to gain weight at a rate of 3.1 g/day, while both DEX-treated groups lost weight at a rate of ~12 g/day (baseline/treatment x drug interaction, F 2,13 = 146.52, p < 0.001; Fig. 3 ). DOCA-treated animals gained significantly more weight, cumulatively, over 4 days of treatment than they did over 4 days of baseline (3-way interaction, F 6,39 = 50.28, p < 0.001; Fig. 5 ). Both DEX-treated groups lost significant weight on the first day of treatment, and the weight loss was progressive over 4 days of treatment.
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The 3-way interactions for water, saline and total fluid (i.e., water + saline) intakes were significant (all F's 6, 39 R 3.21; p < 0.05). Rats receiving only DEX drank significantly less water on day 3 of treatment and those receiving DOCA+DEX drank significantly more water on day 4 of treatment (data not shown). All drug treatments significantly increased daily saline intakes compared to their respective baseline intakes, and the treatment saline intakes were significantly different from each other (sodium intake in mmol is found in Fig. 4 ). DEX significantly increased saline intake only on the first treatment day. The greatest increases were observed for rats given the combination of DOCA+DEX, which showed a 5-fold increase in saline consumption on the first day of treatment, from a baseline average of 5.2 ± 1.9 ml/day to 27.2 ± 5.4 ml. DOCA progressively increased saline intakes to match those caused by DOCA+DEX after 5 days. Since the drug effects on water intake were small, the group differences in total fluid intake were due mainly to the group differences in 0.3 M NaCl intake. All groups increased total fluid intake on the first treatment day compared to their respective baselines days (Fig 3) . The first day increases in total fluid intake were due solely to increased saline intake, and thus were significantly greater for DOCA+DEX rats compared to the other groups. By day 4 of treatment, total daily fluid intake was unchanged from baseline measures for rats receiving only DEX, had nearly doubled for rats receiving only DOCA, and had more than doubled for rats receiving the combination of drugs.
Urine volume increased significantly above baseline measures on at least some days during all drug treatments (3-way interaction, F 6, 39 = 3.94, p < 0.01; Fig 3) . The increase in urine volume was significant on the first day of treatment for both groups receiving DEX, and by the second day of treatment for rats receiving only DOCA. Urine volume was increased significantly more during DOCA+DEX compared to the other treatments. During baseline, average daily water balance was slightly, but significantly, higher in the DOCA+DEX group (baseline/treatment x drug interaction, F 2,13 = 118.49, p < 0.001). During DOCA, average daily and cumulative water balances were increased significantly compared to average baseline values as total daily fluid ingestion increased more than daily urine volume. For both groups receiving DEX, average daily and cumulative water balances were significantly reduced compared both to average baseline values and to those of rats receiving only DOCA as daily urine volumes increased more than total daily fluid intake. DEX treatment reduced average daily and cumulative water balances significantly more than the combination of DOCA+DEX treatment.
Sodium intake, excretion and balance are presented in Fig. 4 . Sodium intake in the form of saline solution was described above. All drugs significantly increased sodium excretion from baseline values on some treatment days, and there were significant differences among the treatment excretions (3-way interaction, F 6,39 = 7.21, p < 0.001). DEX increased sodium excretion compared to all baseline days on treatment days 1 and 2, and compared to DOCA on treatment day 1. The combination of DOCA+DEX also increased sodium excretion on all treatment days compared to baseline levels, and increased sodium excretion compared to DOCA. During DOCA treatment, sodium excretion was higher compared to pre-drug baseline levels. During baseline, there was an overall difference in levels of sodium balance between animals in the DEX group and those in the DOCA group (3-way interaction, F 6,39 = 2.63, p < 0.05). During DEX treatment, sodium excretion was greater than sodium ingestion, and the resulting sodium balances were significantly reduced from baseline values on the first day of treatment. On subsequent days of DEX treatment, daily sodium balance returned to basal levels but cumulative sodium balance remained below basal levels (Fig 5) . During DOCA treatment, sodium excretion was always less than sodium ingestion, and the resulting daily and cumulative sodium balances were always positive. During DOCA+DEX treatment, sodium excretion was generally less than sodium ingestion, and the sodium balances were significantly greater on days 2 and 3 of treatment.
DOCA+DEX developed the most positive cumulative sodium balance, which was significantly greater than the other groups on treatment days 2-4.
All groups increased potassium excretion on the first day of treatment. Then DOCA-treated animals maintained daily potassium excretion above baseline levels and compared to the other groups while both groups of DEX-treated rats decreased daily potassium excretion to levels lower than baseline (baseline/treatment x drug interaction, Both groups of rats receiving DEX treatment had significantly reduced food intakes compared to baseline, and compared to food intakes of rats receiving only DOCA (3-way interaction, F 6,39 = 11.23, p <0.001). The reductions in food intake began on the second day of treatment (Fig 4) .
Rats treated with DOCA were permitted to establish stable saline intakes (days 5-7), then received daily injections of DEX along with DOCA. All of the major effects of injecting DOCA+DEX from the start were observed after adding DEX injections to animals already receiving DOCA, and thus are in effect a replication. Notably, urine output immediately spiked, and was greater than the increase in total fluid ingestion, so water balance was reduced. Body weight also declined on the first day of adding DEX to DOCA treatment and declined throughout combined treatment.
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DISCUSSION
Systemic injections of the glucocorticoid agonist, DEX greatly increased urinary excretion of water and sodium in animals with access only to water to drink and with no food available as a source of sodium. Under these conditions, DEX treatment resulted in negative water and sodium balances and weight loss, even when co-administered with DOCA. In animals with 0.3 M NaCl solution to drink, systemic injections of DEX transiently stimulated salt appetite, and produced negative water and sodium balances because of greatly increased water and sodium excretion. However, when DEX was coadministered with DOCA, the resulting salt appetite was greater than that observed after DOCA alone. This "potentiation" of the salt appetite was not due to net sodium loss, as sodium balances remained positive. However, urinary excretion of water outpaced the increased fluid ingestion, resulting in negative water balance and weight loss, indicating loss of water from the body. Lastly, measures of hematocrit indicated expansion of plasma volume during DOCA treatment but not when DEX was administered with DOCA, or alone. This suggests the possibility that glucocorticoid treatment permits greater ingestion of water, and especially sodium, by limiting volume expansion that occurs with DOCA alone. DEX treatment had significant effects on urinary excretion in both experiments (Exp 1 and 2) in which animals were without food and had only water to drink. The large increases in water, sodium, and potassium excretions appear to be the direct effects of DEX on renal function. Urine volume increased within hours of administration while water intake remained unchanged. There were no sources of sodium and potassium, so increased excretion of all three substances was not secondary to their increased ingestion.
These results are in line with the known ability of glucocorticoids to increase glomerular filtration rate (GFR; 1). Notably, greatly increased urinary excretion of all three substances was also observed when DEX was co-administered with DOCA, and the effects were nearly as great as those observed after DEX alone. Thus, in animals without food to eat, and only water to drink, the effect of DEX treatment, with or without DOCA treatment, is loss of water, sodium and potassium resulting in substantial negative balances for all three substances. The lack of food availability, resulting in reduced need to drink water, probably accounts for some of the weight loss during testing but DEX and DOCA+DEX treatments caused significantly greater weight loss than vehicle or DOCA alone. Therefore, most of the acute weight loss after treatments involving DEX is attributable to reduced body water following increased water excretion.
In Exps 3 and 4, involving repeated daily injections of drugs and continuous access to water, 0.3 M NaCl solution and sodium deficient diet, there were clear treatment effects on handling of water and sodium. During DEX treatment there was only a transient increase in sodium consumption. Sodium and water ingestion were less than their excretion, so both balances were negative. These animals lost weight. Daily injections of DOCA caused a typical progressive increase in salt appetite. Sodium and water ingestion were greater than their excretion, so both balances were positive and the animals gained weight. During DOCA+DEX treatment, there was an immediate 5-fold increase in sodium intake which exceeded sodium loss. However, overall water ingestion from both water and saline was less than water excretion. Therefore, while sodium balance remained positive, water balance was always negative. These animals also lost weight. The data do not indicate if the greatly increased ingestion of sodium during DOCA+DEX treatment followed, or preceded, increased excretion of water and sodium.
However, the results from the first two experiments suggest that increased renal excretion of water and sodium likely began within hours after the first injection.
Suppression of food intake is a well-known consequence of DEX treatment and is partly responsible for the observed weight loss (9, 10, 16, 25) . However, weight loss after DEX precedes the suppression of food intake (Exp. 3; refs. 9, 10) and is much greater than the weight loss of pair-fed controls (16) In all experiments DEX administered by itself increased water and sodium excretion, resulting in negative water and sodium balances and substantial weight loss.
The loss of water and sodium, and reduction in body weight observed during testing are consistent with volume contraction. Indeed, volume contraction is a consequence of long-term glucocorticoid administration (13, 21, 29) . Combining DEX with DOCA at the current doses also resulted in water and sodium loss and reduced body weight in animals lacking an additional source of sodium for ingestion. This contrasts markedly with the comparative water and sodium retention after DOCA by itself (Exp 2). When sodium was available for drinking, rats receiving the combination of DOCA+DEX drank enough sodium to maintain positive sodium balance. DEX treatment did not stimulate more than a transient salt appetite when saline solution was available for drinking. These results suggest that the stimulus for salt appetite was provided by the mineralocorticoid, DOCA and that the glucocorticoid, DEX merely augmented the response but did not itself stimulate salt appetite.
In these chronic experiments, DEX greatly increased urinary water excretion with little change in water intake, resulting in negative water balance. Sometimes the negative water balances were large and persistent. It seems surprising that DEX-treated animals did not increase water intake to compensate for the increased urinary excretion of water.
Increased excretion of water without change in water intake during glucocorticoid administration has been noted by others (9, 11, 27) . In experiments lasting less than 24 hours, it has been suggested that the glucocorticoid-induced diuresis does not sufficiently reduce extracellular volume to trigger reflex drinking (27) . For chronic experiments lasting days, we can speculate that the presumed shift of water from the cells to the extracellular space during glucocorticoid treatment somehow blunts generation of a significant thirst stimulus.
In short-term experiments, systemic administration of DEX increases water drinking in response to ANG II administered either systemically or centrally (9, 27) . This increased drinking response is a specific glucocorticoid-mediated effect, is dose-related, and is maximal when ANG II is administered 3-6 h after DEX. Sumners et al. (27) suggested that increased urinary excretion after DEX might promote drinking in response to ANG II. They noted that DEX-treated animals excreted somewhat more water than they drank in response to ANG II during a 2-h test. They did not measure urine in the hours after DEX injection and before ANG II. The present data (Exp 1 and 2) indicate that DEX also likely caused significant urinary excretion in the hours before the ANG II test, thus bolstering their idea that increased water loss from DEX administration promotes additional water drinking to ANG II.
Hypovolemic treatments that stimulate thirst and salt appetite are associated with increased levels of circulating corticosterone in addition to aldosterone and angiotensin (19, 26) . Pharmacological doses of glucocorticoids increase sodium ingestion by mineralocorticoid-treated animals (8, 17, 22, 33, 35) . It has been postulated that the powerful influence of glucocorticoids on salt appetite elicited by mineralocorticoids reflects a synergy between these classes of steroid hormones at the cellular level (3, 8) .
Thus, the "synergy" hypothesis of salt appetite (4, 7) now includes prominent roles for glucocorticoids and their receptors (6, 8) . In the brain, glucocorticoids increase ANG II receptor binding while amplifying ANG II-related intracellular signaling processes (3, 6, 22, 23, 24, 27) and also increase binding to Type 1 mineralocorticoid receptors (8, 17, 35) . DEX in combination with DOCA increases ANG II binding at angiotensin Type 1 (AT 1 ) receptors in brain areas involved in mediating responses to circulating ANG II including the subfornical organ, area postrema, and paraventricular nucleus (22) . However, at the cellular level, no synergy between glucocorticoids and mineralocorticoids affecting AT 1 binding has been found (24) .
The present results support another explanation for the ability of glucocorticoids to potentiate thirst and salt appetite. By promoting water and sodium excretion and reducing water balance, DEX appears to limit or prevent volume expansion during DOCA. Volume-related signals have been shown to inhibit water drinking and sodium ingestion (12, 30) . Wolf (33) first suggested that glucocorticoids might increase sodium intake by facilitating the excretion of ingested sodium. Accordingly, the accumulation of body sodium, as occurs with DOCA, might progressively inhibit sodium ingestion, so facilitation of sodium excretion by DEX would diminish this inhibitory effect. DOCAtreated animals in the present studies clearly retained water and sodium and became volume expanded. This was reflected both by their increased water and sodium balances, weight gain, and reduced hematocrit. With the addition of DEX to DOCA treatment, there was a net loss of water and no significant change in plasma volume levels, and therefore little volume-related "braking"mechanism to slow ingestive behavior. Note that it is not necessary that DEX produce frankly negative sodium balances to permit greater sodium ingestion. Indeed, previous work (17) 
